In most mammalian cells, the cAMP-dependent protein kinase A pathway promotes growth arrest and cell differentiation. However in Schwann cells, the reverse is true. Elevated levels of cAMP function as the cofactor to a broad range of mitogenic cues in culture and in animals. Previous studies have suggested that cAMP acts at an early point in the Schwann cell mitogenic response, perhaps by stimulating the expression of growth factor receptors. We show here that cAMP acts downstream rather than upstream of growth factor receptor expression. The essential function(s) of cAMP is exerted as Schwann cells progress through the G 1 phase of the cell cycle. Ectopic expression studies using an inducible retroviral vector show that the G 1 phase requirement for cAMP can be alleviated by a single protein, cyclin D1. We show, in addition, that at least one function of the Nf1 tumor suppressor is to antagonize the accumulation of cAMP and the expression of cyclin D1 in Schwann cells. Thus a G 1 phase-specific protein, cyclin D1, accounts for two salient features of Schwann cell growth control: the promitotic response to cAMP and the antimitotic response to the Nf1 tumor suppressor.
In most mammalian cells, activation of the cAMP-dependent protein kinase A (PKA) pathway promotes growth arrest and cell differentiation. The antimitotic actions of cAMP reflect inhibition of the Ras/Raf/MAP kinase signaling pathway as a consequence of Raf phosphorylation by protein kinase A (Burgering et al., 1993; Cook and McCormick, 1993; Graves et al., 1993; Sevetson et al., 1993) . Within Schwann cells, however, the relationship between cAMP and cell division is reversed. In cell culture, cAMP is an essential co-mitogen for a wide range of Schwann cell growth factors (Stewart et al., 1991; Jessen and Mirsky, 1992) . For example, platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), insulin-like growth factor (IGF), and Reg-1 all promote Schwann cell growth, but only when they are added together with an ectopic source of cAMP or an agent that increases cAMP levels in the cells, such as forskolin (Davis and Stroobant, 1990; Eccleston et al., 1990; Stewart et al., 1991; Livesey et al., 1997) . Thus, these growth factors can be considered as "incomplete" Schwann cell mitogens. Members of the neuregulin family of growth factors function as "complete" Schwann cell mitogens (Raff et al., 1978; Brockes et al., 1980; Lemke and Brockes, 1984) . The neuregulins promote Schwann cell growth without the addition of ectopic cAMP or forskolin. However, neuregulins stimulate accumulation of endogenous cAMP within Schwann cells. A functional role for this neuregulin-induced cAMP is indicated by the observation that protein kinase A antagonists block the mitogenic action of neuregulin (Kim et al., 1997a,b; Howe and McCarthy, 2000) .
How does cAMP cooperate with growth factors to promote Schwann cell growth? In adult tissues and in developing embryos, growth factor receptor genes are expressed conditionally in response to physiological, environmental, and temporal cues. Conceivably, cAMP could function at the very onset of growth factor action by stimulating expression of growth factor receptors. Indeed, it has been shown that the receptor for PDGF is dramatically upregulated by cAMP in cell culture (Weinmaster and Lemke, 1990) . However, an alternative function for cAMP is suggested by recent studies on the role of D-type cyclins in the control of Schwann cell growth. Using mice with targeted disruption of cyclin genes, it has been shown that cyclin D1 is specifically required for the growth of mature Schwann cells (Kim et al., 2000) . The upregulation of cyclin D1 requires either a complete mitogen (neuregulin) or an incomplete mitogen (PDGF) in combination with forskolin.
In studies described here, we localize the interaction between PDGF and cAMP. We show here that cAMP acts downstream rather than upstream of growth factor receptor expression and that its function is to sustain high levels of cyclin D1 expression as Schwann cells progress through the G 1 phase of the cell cycle. We show, in addition, that at least one function of the Nf1 tumor suppressor is to antagonize the accumulation of cAMP and the expression of cyclin D1 in Schwann cells.
MATERIALS AND METHODS
Antibodies. Antibodies to cyclin D1 (72-13G, monoclonal), cyclindependent kinase 4 (cdk4) (H-303, polyclonal) , and PDGF␤ receptor (958, polyclonal) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and used at a dilution of 1:500 in Western blot analysis. For immunofluorescence, the monoclonal antibody to bromodeoxyuridine (BrdU) (Boehringer Mannheim, Indianapolis, I N) was used at a dilution of 1:50.
Primar y rat Schwann cell culture. Schwann cells were prepared from sciatic nerves of newborn rats (1-2 d old) as described previously (Brockes et al., 1979) . For routine culture, the medium was DM EM with 10% fetal bovine serum (FBS), supplemented with neuregulin (10 ng /ml) and forskolin (2 M) (Schwann cell growth medium). C ells between passages 2 and 4 were used in all experiments described in the text. For experiments involving PDGF (the BB homodimer; Upstate Biotechnology, Waltham, M A) and forskolin (C albiochem, San Diego, CA), the Schwann cell cultures were shifted to PDGF-free DM EM prepared as previously described (Stiles et al., 1979) .
[ 3 H]thymidine incorporation. Quiescent Schwann cells were plated onto 96-well culture dishes in DM EM with 10% FBS at a density of 1.5 ϫ 10 4 cells per well. T wo days after plating, the cultures were shifted to PDGF-free medium; 18 hr later, [
3 H]thymidine (5 C i / well) was added, and cells were incubated for another 24 hr. DNA synthesis was measured by monitoring the incorporation of [ 3 H]thymidine into trichloroacetic acid (TCA)-insoluble material by liquid scintillation counting as described (Nordlund et al., 1992) .
Immunoprecipitation and Western blot anal ysis. To prepare cell lysates, 90 -95% confluent rat Schwann cells on 60 mm plates were washed twice in PBS, then lysed in 300 l of ice-cold lysis buffer (50 mM Tris HC l, pH 7.4, 1% N P-40, 0.25% sodium deoxycholate, 150 mM NaC l, 1 mM EGTA, 10 g /ml leupeptin, 2 g /ml aprotinin, 1 mM PMSF, and 0.5 mM sodium orthovanadate). Lysates were cleared by centrif ugation at 14,000 rpm for 15 min in the cold, and the protein concentration of the supernatants was determined according to specifications of the manufacturer (Bio-Rad, Hercules, CA). For Western blot analysis, 50 -70 g of Schwann cell lysates were size-fractionated on 10% SDS-polyacrylamide gels, transferred onto poly vinylidene difluoride membrane, and immunoblotted with cyclin D1, PDGF␤ receptor, or phosphotyrosine (4g10) antibodies. After incubation with horseradish peroxidase-conjugated secondary antibodies, the protein bands were visualized by enhanced chemiluminescence. For immunoprecipitation, 500 g of Schwann cell lysates were incubated with 0.6 g of anti-PDGF␤ receptor antibody for 3 hr at 4°C, then incubated with 50 l of Sepharose A beads for 1 hr. Beads were washed five times in the lysis buffer, and proteins bound to beads were fractionated on 7% SDS-polyacrylamide gels and subjected to Western blot analysis.
Schwann cell infection. Mouse cyclin D1 cDNA was cloned into the pN I T retroviral vector (a gift from Dr. Fred H. Gage, Salk Institute) under the control of a tetracycline-suppressible promoter (Gossen and Bujard, 1992) . Retroviruses were generated by transiently transfecting 293 GPG packaging cells as described (Ory et al., 1996) . Quiescent primary rat Schwann cells were plated on poly-L-lysine-coated six-well plates at a density of 100,000 cells per well in DM EM-10% FBS, then placed in Schwann cell growth medium the next day. Eighteen to 20 hr later, which corresponds to the time of Schwann cell S-phase entry, the growth medium was removed. A 1:1 mixture of Schwann cell growth medium and viral supernatant with a total volume of 1 ml containing 8 g /ml polybrene was added to Schwann cells. T wenty-four hours later, the viral medium was removed, and 2 ml of fresh Schwann cell growth medium containing 1 g /ml tetracycline and 200 g /ml G418 was added. C ells remained under G418-drug selection for 10 -14 d, or until all of the uninfected cells were dead in the presence of neomycin (G418). At the end of the selection period, drug-resistant Schwann cell clones were pooled and analyzed.
For proliferation assay, cells were plated on poly-L-lysine-coated glass coverslips at a density of 60,000 cells per coverslip in DM EM with 10% FBS supplemented with tetracycline. The next day, coverslips were washed three times in PBS and placed in tetracycline-free media. Eighteen hours later, the coverslip cultures were placed in PDGF-free medium and treated as indicated. After 24 hr, BrdU was added to the medium. C ells were cultured for 24 hr and then fixed in cold methanol for 10 min, rehydrated in PBS for 3 min, and treated with 2N HC l for 15 min at 37°C. C ells were washed three times in borate buffer over a 10 min period, then washed three times in PBS in the same manner. A monoclonal BrdU antibody was applied in 5% normal goat serum in PBS for 1 hr at room temperature. C y2-conjugated goat anti-mouse secondary antibody was added for 1 hr, and before mounting, cells were incubated with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) for 1 min to visualize the nuclei.
Intracellular cA MP measurement. C ells were washed in HBSS and lysed in 200 ml of ice-cold 6% TCA /4 mM EDTA by freeze -thaw cycling four times through liquid nitrogen and a 37°C water bath. TCA-insoluble material was scraped and harvested for 15 min at 14,000 rpm in a clinical centrif uge. TCA supernatants were collected and dried by speed-vacuum centrif ugation. The cAM P content of the dried supernatant material was measured with a cAM P radioimmunoassay kit according to the instructions of the manufacturer (Amersham, Arlington Heights, IL). The pellets from TCA precipitation were used for protein determination. Proliferative responses were monitored by the uptake of [ 3 H]thymidine. C, Synergism between PDGF and forskolin is dependent on the activation of adenylate cyclase. Quiescent Schwann cells in PDGF-free medium were stimulated with PDGF in combination with either forskolin (Forsk) or dideoxy forskolin (ddForsk), a forskolin analog that lacks the ability to stimulate adenylase cyclase activity. Each error bar represents the mean Ϯ SD from three independent wells. In some cases, the magnitude of error is too small to be seen on the scale used in this figure. NT, No treatment.
RESULTS

PDGF and forskolin interact synergistically to promote Schwann cell growth
To study PDGF-mediated Schwann cell growth, we needed a PDGF-free basal medium for cell culture. Because clotted blood serum, the conventional supplement for tissue culture medium, contains PDGF, we used human platelet-poor plasma (PPP), the product of unclotted blood, as our medium supplement (Stiles et al., 1979) . When Schwann cells are cultured in PDGF-free medium, they become growth-arrested with a diploid (G 1 ) content of DNA (Fig. 1 A) . PDGF and forskolin interact synergistically to promote Schwann cell growth (Fig. 1 B) . Dideoxy forskolin, a forskolin analog that lacks the ability to simulate adenyl cyclase, fails to synergize with PDGF (Fig. 1C) .
cAMP functions lie downstream of PDGF receptor activation
Starting from growth arrest in PDGF-free medium, the lag time between the addition of PDGF/forskolin and the onset of the S phase is ϳ20 hr (Kim et al., 2000) . However, as shown in Figure  2 A, it is not necessary for the PDGF to be present continually throughout this 20 hr lag time for growth to occur. Even very short (1 hr) exposures to PDGF are sufficient to stimulate DNA synthesis, provided the cultures are incubated with forskolin after PDGF treatment (PF 3 F, P 3 F). Unlike PDGF, forskolin is required continually throughout the 20 hr lag period for growth to occur. Other permutations of the PDGF/forskolin order of addition (PF 3 P, F 3 P) do not result in Schwann cell growth. Immunoblot analysis (Fig. 2 B) shows that PDGF receptors are activated quickly, but transiently, by a 1 hr treatment with PDGF. The immunoblot assays show also that prolonged (Ͻ12 hr) exposure to forskolin stimulates the expression of additional PDGF receptors, confirming previous observations (Weinmaster and Lemke, 1990) . However, this delayed upregulation of PDGF receptor protein is irrelevant to the mitotic action of forskolin as shown by the order-of-addition experiments (Fig. 2 A) and by additional experiments below.
Forskolin initiates progression through G 1 in Schwann cells that have been exposed to PDGF
Transient exposure to PDGF renders fibroblast cells "competent" to replicate their DNA and divide. However, PDGF-treated fibroblasts do not begin progressing through the G 1 phase of the cell cycle toward the S phase until they are exposed to insulin-like growth factor (Stiles et al., 1980) . Does transient exposure to PDGF render Schwann cells competent to respond to cAMP? Schwann cells were exposed transiently (1 hr) to PDGF. Forskolin was then added either immediately or after a time delay of 17 hr. As shown in Fig. 3 , delaying the addition of forskolin to PDGF-treated Schwann cells delays the onset of replicative DNA synthesis by a corresponding time. The lag time to the S phase remains constant when forskolin treatment is delayed, showing that activated PDGF receptors regulate a very early event in the cell cycle located some 20 hr before the G 1 /S phase boundary. Forskolin is needed for PDGF-treated Schwann cells to initiate their movement through the G 1 phase of the cell cycle toward the S phase. Thus, in accord with jargon coined years ago to describe the mitogenic response of fibroblast cells to serum growth factors, A, Order-of-addition experiments. Growth-arrested Schwann cells in PDGF-free medium were exposed to 30 ng/ml PDGF ( P) or 5 M forskolin ( F) , or both, for 1 hr. The culture medium was then removed. Cell monolayers were washed with PBS and then incubated continually in fresh medium supplemented with additional PDGF, forskolin, or no treatment (NT ) as indicated for 48 hr. Cell growth was measured by the amount of [ 3 H]thymidine incorporation. Each error bar represents the mean Ϯ SD from three independent wells. B, Immunoblot assay for activation state of PDGF␤ receptors. Schwann cells were primed with PDGF for 1 hr, washed, and then incubated in forskolin-supplemented medium for 24 hr. At timed intervals during the priming period and subsequent forskolin incubation, cell lysates were prepared and immunoprecipitated using PDGF␤ receptor antibody. Immunoprecipitates were then subjected to immunoblot analysis using either a PDGF␤ receptor antibody or a phosphotyrosine antibody. PDGF␤ receptor activation within Schwann cells is seen 5 min after PDGF treatment. PDGF treatment renders Schwann cells competent to respond to cAMP and begin transit through the G 1 phase of the cell cycle.
Forskolin regulates cyclin D1 in PDGF-primed Schwann cells
The order-of-addition experiments shown in Figures 2 and 3 show that the promitotic functions of cAMP follow, rather than precede, the activation of PDGF receptors. Moreover, the data localize the functions of cAMP to the G 1 phase of the cell cycle. These observations led us to search for other mechanisms by which forskolin could cooperate with PDGF during transit through G 1 . Recent studies on mouse strains with targeted disruption of D-type cyclin genes show that the mitogenic response of mature Schwann cells is strictly dependent on expression of cyclin D1 (Kim et al., 2000) . The experiments summarized in Figure 4 show that cyclin D1 expression patterns echo the PDGF/ forskolin phenomenology presented in Figures 2 and 3 . Figure 4 A shows that PDGF and forskolin interact synergistically to promote the expression of cyclin D1 during the G 1 phase of the cell cycle. As shown, forskolin treatment alone has no effect on cyclin D1 expression. PDGF treatment alone generates only a transient increase in cyclin D1 expression, even when the PDGF is present continually in the cell culture medium. However, PDGF and forskolin together induce an upregulation of cyclin D1 that is sustained throughout the G 1 phase of the cell cycle and into the S phase.
As shown in Figure 4 B, forskolin sustains the expression of cyclin D1 in Schwann cells that have been rendered competent by transient (1 hr) exposure to PDGF. Moreover, as shown in Figure  4C , PDGF-treated, competent Schwann cells can respond, at a delayed time, to forskolin by upregulation of cyclin D1. In experiments comparable with those shown in Figure 4 , we observe that the amount of cdk4 also correlates with the cyclin D1 protein levels (Fig. 5) . Together, these observations suggest that the synergistic relationship between PDGF and forskolin might reflect the ability of forskolin to initiate or sustain the expression of cyclin D1 in Schwann cells after exposure to PDGF.
Ectopic expression of cyclin D1 eliminates the requirement for forskolin in PDGF-treated Schwann cells
To determine whether there is a functional relationship between cAMP and cyclin D1, we used a retrovirus expression vector to introduce an ectopic cyclin D1 gene into primary Schwann cell cultures. In preliminary studies, we found that constitutive expression of an ectopic cyclin D1 gene was toxic to Schwann cells, an observation previously noted in various cell types (Kranenburg et al., 1996) . To circumvent this problem, a tetracyclinerepressible promoter in our vector allowed us to restrict expression of the ectopic cyclin D1 gene to a defined temporal window.
As shown in Figure 6 A, Schwann cells that express ectopic cyclin D1 show a mitogenic response to PDGF alone. By contrast, Schwann cells infected with a control retrovirus show no growth response to PDGF alone, as noted in other experiments (Figs.  1-3) . It should be noted that a significant fraction of the Schwann cells expressing ectopic cyclin D1 divide, even in the absence of PDGF treatment. This is perhaps to be expected because the retrovirus expression vector creates a sustained pattern of cyclin D1 expression (Fig. 6 B) comparable with that generated by the combination of PDGF and forskolin (Fig. 4 A) . However, quantitative analysis indicates that the combination of PDGF and ectopic cyclin D leads to a 1.9-fold increase in Schwann cell proliferation relative to ectopic cyclin D alone ( p Ͻ 0.0001). A, Continous exposure to PDGF ( P) and/or forskolin ( F) . PDGF (30 ng/ml), forskolin (5 M), or PDGF ϩ forskolin were added to Schwann cells that had been growth-arrested in PDGF-free medium. At timed intervals (6, 12, 18, 24 , and 30 hr), samples were harvested, and cyclin D1 protein was monitored by immunoblot. NT, No treatment. B, PDGF priming followed by immediate addition of forskolin as above, except that Schwann cells were primed with PDGF for 1 hr. After removal of PDGF, the medium was supplemented immediately with forskolin or left untreated. C, PDGF priming followed by delayed addition of forskolin as above, except that Schwann cells were primed with PDGF for 1 hr or not primed (NT ). After the removal of PDGF, all cells were incubated in serum-free DMEM for 15 hr before the addition of forskolin. Figure 5 . Amount of cyclin D1-associated cdk4 correlates with the cyclin D1 protein levels. Schwann cells were primed with PDGF for 1 hr. After removal of PDGF, cells were left untreated (P 3 NT) or treated with forskolin (P 3 F). Cells were harvested at 1, 6, 12, or 20 hr as indicated, and samples were subjected to immunoprecipitation using cyclin D1 antibody followed by cdk4 immunoblot.
The Nf1 gene product antagonizes cAMP and cyclin D1 expression in Schwann cells
Cyclin D1 is a proto-oncogene activated via overexpression in various types of human tumors (Hunter and Pines, 1994) . It is not known whether there is a direct link between aberrant expression of cyclin D1 and Schwann cell tumorigenesis. However, loss-offunction mutations in the neurofibromatosis 1 (NF1) locus have been linked to Schwann cell tumorigenesis in humans (Skuse et al., 1989; Glover et al., 1991; Legius et al., 1993) . Recent studies in Drosophila provide evidence that links the loss of nf1 to abnormal regulation of the cAMP-PKA pathway (Guo et al., 1996; The et al., 1997) . Therefore, we examined the effect of Nf1 loss on cAMP regulation in Schwann cells. As shown in Figure  7A , Schwann cells isolated from Nf1 null mice show a threefold increase in the level of intracellular cAMP relative to cells from wild-type mice. Schwann cells isolated from Nf1 heterozygous mice exhibited an intermediate level of cAMP. As shown in Figure 7B , the elevated levels of cAMP observed in the Schwann cells from Nf1 null mice correlate with a significant gain in the expression levels of cyclin D1. All of the cAMP/cyclin D1 measurements shown in Figure 7 are taken from Schwann cells cultured in growth factor-free medium. Collectively, these observations suggest that one function of the Nf1 tumor suppressor is to antagonize the accumulation of cAMP and the expression of cyclin D1 in Schwann cells.
DISCUSSION
Protein kinase A activity is required for Schwann cell growth. The requirement for protein kinase A function is unmasked by a broad range of incomplete Schwann cell growth factors. These agents (which include basic FGF, IGF, Reg-1, and PDGF) only function effectively as Schwann cell mitogens when they are added together with cAMP or forskolin. The goal of this study was to define the role of protein kinase A in promoting the action of incomplete Schwann cell growth factors. A testable hypothesis was that activation of protein kinase A stimulates expression of the transmembrane tyrosine kinases that serve as surface receptors for these growth factors. Our studies confirm previous observations that PDGF receptor expression is upregulated by forskolin (Weinmaster and Lemke, 1990) . However, we go on to show that the PDGF receptor content of Schwann cells is adequate for growth even before forskolin treatment. The forskolin function(s) follows, rather than precedes, the activation of PDGF receptors. In jargon coined to describe the mitogenic response of fibroblast cells to PDGF (Pledger et al., 1977) , our results indicate that PDGF renders Schwann cells competent for cell growth. Forskolin initiates and sustains the "progression" of competent Schwann cells through the G 1 phase of the cell cycle toward the S phase.
Among the members of D-type cyclin, the growth of mature Schwann cells is strictly dependent on expression of cyclin D1 (Kim et al., 2000) . Our data indicate that forskolin alone has no effect on cyclin D1 expression. However, forskolin sustains the expression of cyclin D1 in Schwann cells that have been exposed previously to PDGF. More striking is the observation that forskolin reinitiates the expression of cyclin D1 in PDGF-treated competent Schwann cells many hours after the removal of PDGF. Collectively, these observations argue that a prominent function for protein kinase A activity in Schwann cells is to maintain the expression of cyclin D1 after an initial mitogenic cue is delivered by a receptor tyrosine kinase. This is confirmed by demonstrating that the function of forskolin can be replaced by sustained ectopic expression of cyclin D1 in PDGF-stimulated Schwann cells. The mechanism by which forskolin sustains and re-initiates cyclin D1 expression is to be determined. Downstream effector proteins of activated PDGF receptors include (1) src family kinases, (2) phospholipase C ␥, (3) phosphatidylinositol 3 kinase, and (4) Ras (Claesson-Welsh, 1996) . Which of these PDGF-modulated signal generators cooperates with cAMP to promote Schwann cell growth? Some insights may be taken from analyis of Nf1 null Schwann cells. The Nf1 gene product functions as a Ras/GAP protein (Ballester et al., 1990; Martin et al., 1990; Xu et al., 1990) . Accordingly, loss-of-function Nf1 equates to gain-of-function Ras. The cAMP measurements shown in Figure 6 indicate that the loss of Nf1 acts to raise the intracellular levels of cAMP. Thus, the Schwann cells from Nf1 knockout mice are constitutively exposed to gain-of-function Ras and cAMP, cues that are provided in a conditional way by PDGF and forskolin or neuregulin alone. Therefore, in Nf1 null Schwann cells, these cues result in elevated levels of cyclin D1 and may contribute to the hyperplastic growth exhibited by Nf1 null Schwann cells or their precursors in serum-free medium (Kim et al., 1997,a,b) .
In Drosophila, nf1 null mutations lead to downregulation of adenylate cyclase activity. Moreover the nf1 null phenotype can be rescued by forskolin (Guo et al., 1996; The et al., 1997) . Our data show that in mammalian Schwann cells, loss-of-function Nf1 promotes, rather than inhibits, the formation of cAMP. How the loss of Nf1 acts within Schwann cells to increase cAMP remains to be determined. However, it is possible that the agonistic action of cAMP on cyclin D1 expression contributes to the development of Schwann cell tumors in patients with type 1 neurofibromatosis. Ϫ/Ϫ mouse dorsal root ganglia. Cell lysates were prepared from Schwann cells isolated and cultured in serum-free medium as previously described (Kim et al., 1997a,b) .
